Local magnetic measurements vs temperature in an untwinned YBa 2 Cu 3 O 7Ϫ␦ crystal reveal an abrupt increase in the local magnetization at a field-dependent temperature, well below the melting line. At the same field and temperature a pronounced kink is observed in the local magnetization vs field curves. The line B k (T) describing the locations of these anomalies in the field-temperature phase diagram divides the vortex solid phase into two regions characterized by weak and strong pinning. A recently developed model describing the vortex solid-solid disorder-induced phase transition explains quantitatively the observed behavior of B k (T). From this behavior we infer that the microscopic origin of pinning in YBa 2 Cu 3 O 7Ϫ␦ is fluctuations in the charge-carrier mean free path. ͓S0163-1829͑99͒00922-4͔
The phase diagram of the vortex matter in hightemperature superconductors is a subject of extensive research. Recent experimental [1] [2] [3] [4] and theoretical [5] [6] [7] [8] works have indicated the existence of at least three vortex phases: a vortex liquid and two distinct vortex solid phases, identified as a quasiordered and a highly disordered vortex solids. A vortex solid-liquid phase transition has been demonstrated in Bi 2 Sr 2 CaCu 2 O 8ϩ␦ and YBa 2 Cu 3 O 7Ϫ␦ crystals in a variety of experiments, including resistivity, magnetization, and calorimetric measurements. 3, 4, 9 A vortex solid-solid phase transition, associated with a sharp onset of a second magnetization peak, has been observed in Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑Ref. 1͒ and Nd 1.85 Ce 0.15 CuO 4Ϫ␦ crystals. 10 In twinned YBa 2 Cu 3 O 7Ϫ␦ , the usually observed smeared peak with unresolved onset was difficult to associate with a vortex phase transition. Only recently, measurements in untwinned YBa 2 Cu 3 O 7Ϫ␦ revealed a well-resolved second magnetization peak, 2, 11 similar to that observed in Bi 2 Sr 2 CaCu 2 O 8ϩ␦ and Nd 1.85 Ce 0.15 CuO 4Ϫ␦ crystals. However, the peak is still broad and the identification of a specific feature that would possibly mark a phase transition remains unclear.
In this paper we present local magnetic measurements in an untwinned YBa 2 Cu 3 O 7Ϫ␦ crystal as a function of temperature, field, and time, revealing anomalies occurring along the same line B k (T) in the field-temperature plane. These include ͑1͒ an abrupt increase in the local magnetization vs temperature, ͑2͒ a pronounced kink in the magnetization vs field curves, ͑3͒ a marked change in the behavior of the magnetic relaxation rate with field, ͑4͒ a timeindependent field B k , unlike, e.g., the peak field that drifts with time to lower fields. The line B k (T) divides the vortex solid phase into two regions, characterized by strong and weak pinning at high and low fields, respectively. We identify B k (T) as a vortex solid-solid phase transition line, equivalent to that found in Bi 2 12 An array of 11 Hall sensors ͑sensitivity better than 0.1 G͒, consisting of a GaAs/Al-Ga-As twodimensional electron-gas layer, was in direct contact with the surface of the crystal. The active area of each sensor was 10ϫ10 m 2 , separated by 10 m. The local zero-field-cooled magnetization m zfc and the field-cooled magnetization m fc of the YBa 2 Cu 3 O 7Ϫ␦ sample were measured as a function of temperature at a constant field, in the range 1-55 kG. In order to compensate for the temperature dependence of the sensors' background, we subtract m fc from m zfc . Figure 1 Fig. 2 ͑solid circles͒. This feature disappears below 11 kG and above 25 kG where a smooth curve is observed, as represented in Fig. 1 by the 8-and 40-kG curves, respectively. Note, however, the change in the shape of these two curves. While the 40-kG curve exhibits a linear increase over a wide temperature range, the 8-kG curve is nonlinear. The local magnetization of the same sample was measured as a function of field at a constant temperature, in the range 40-90 K. Typical results, for Tϭ60 K, are shown in Fig. 3 . A well-resolved second peak, similar to that reported for Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑Ref. 1͒ and Nd 1.85 Ce 0.15 CuO 4Ϫ␦ , 10 is observed here. We call attention to the pronounced kink at a field B k in between the onset field B on and the peak field B p as indicated in Fig. 3 . The temperature dependence of B k is shown by open circles in the magnetic phase diagram of Fig.  2 , together with the irreversibility line ͑crosses-determined from the coincidence of the ascending and descending branches of the magnetization curves͒ and the melting line ͓diamonds-determined by a discontinuity in ⌬m(T) in the reversible regime͔. A central result of this work is that the line defined by B k ͑open circles͒ coincides with the line defined by T k ͑solid circles͒, suggesting a phase transition in the vortex system across this line. Evidently, the line defined by B k (T) divides the irreversible phase into two regions, suggesting that B k is a transition line between two solid phases of the vortex system.
Also shown in Fig. 3 is the evolution of the second peak with time in the time range 10-3000 sec ͑solid squares͒ and the relaxation rate dm/d ln t vs field ͑triangles͒. Both the onset field and the peak field drift with time ͑to higher and lower fields, respectively͒, whereas the kink field B k is time independent. As indicated in the figure, the relaxation rate dm/d ln t ͑triangles͒ exhibits a minimum at B k , a behavior consistent with the observation of time independent B k .
The temperature dependence of the peak field B p , in the short-time limit, is also included in Fig. 2 ͑triangles͒. As mentioned above, the peak field drifts with time to lower fields, indicating that B p (T) cannot be a phase-transition line; it probably signifies a crossover in the dynamics, from elastic to plastic flux creep, as discussed by Abulafia et al. 13 Note that the temperature dependence of B p is qualitatively different from that of the phase-transition line B k . The lines B k (T) and B p (T) meet at approximately 73 K above which the anomalous second peak splits into two peaks, as previously reported by Deligiannis et al. 11 A kink in the magnetization curve is now observed in between the two peaks. The B p and the B k data of Fig. 2 , above the crossing point Tϭ73 K, represent the location of the lower peak and the kink that appears above it, respectively.
The . These pronounced differences can be explained quantitatively within the framework of a recent theory [5] [6] [7] [8] describing a mechanism for a disorder-induced phase transition, from a relatively ordered vortex lattice, to a highly disordered vortex solid. The essence of this theory is that the vortex phase diagram is determined by the interplay between three energy scales: the vortex elastic energy E el , the energy of thermal fluctuations E th , and the pinning energy E pin . At low temperatures, where E th is relatively small, the vortex solid-solid phasetransition line B k (T) is the crossing line between E el (B,T) and E pin (B,T) surfaces. Both energies depend on the superconductor parameters-the penetration depth , the correlation length , the pinning parameter ␥, and the anisotropy showing the temperature T k of the abrupt increase in m(T) ͑solid circles͒, the kink fields B k in m(H) curves ͑open circles͒, the peak field ͑triangles͒, the onset field ͑dots͒, the irreversibility line ͑crosses͒, and the melting line ͑diamonds͒. Noisy data in the reversible regime was averaged in order to reveal the jump in the magnetization associated with the melting. This process yielded results consistent with curves obtained in Refs. 4 
c . In this temperature range (TӶT c ) all the superconductor parameters are almost temperature independent. As a result, the line defined by E el ϭE pin is approximately temperature independent. In Nd 1.85 Ce 0.15 CuO 4Ϫ␦ (T c Ϸ23 K) and YBa 2 Cu 3 O 7Ϫ␦ (T c Ϸ93 K) B k persists up to at least T/T c ϭ0.93 and 0.86, respectively, and therefore the temperature dependence of the superconductor parameters affect E pin (T) and E el (T), and consequently B k (T). As discussed below, B k (T) depends strongly on the specific microscopic pinning mechanism-different mechanisms may cause either an increase or a decrease of B k with temperature. As a matter of fact, the specific behavior of B k (T) may serve as a probe for the microscopic pinning mechanism. Thus, the decrease of B k (T) in Nd 1.85 Ce 0.15 CuO 4Ϫ␦ up to the close vicinity of T c , and the weak increase of B k up to 66 K in YBa 2 Cu 3 O 7Ϫ␦ , both find a natural explanation as a disorder-induced phase transition, taking into account different origins for the pinning mechanism in these particular samples. Quantitative fits of the experimental data for the three samples show good agreement with the theoretical predictions. A detailed explanation of the fit procedure is outlined in the next paragraphs.
Near the transition, for temperatures below the depinning temperature T dp ͑defined below͒, E el ϭ 0 c L 2 a 0 and E pin ϭU dp (L 0 /L c 0 )
, where 0 ϭ(⌽ 0 /4) 2 is the vortex line tension, c L ϭ0.1-0.3 is the Lindenmann number, U dp ϭ(␥ . Thus, the temperature dependence of B k has its origin in the temperature dependence of , , and ␥. While the temperature dependence of and is universal, that of ␥ depends on the pinning mechanism. Pinning may be caused by spatial fluctuations of T c ͑''␦T c pinning''͒ or of the charge-carrier mean free path l ͑''␦l pinning''͒ near a lattice defect. Spatial variations of T c lead to a spatial modulation of the linear and quadratic terms in the Ginzburg-Landau ͑GL͒ free-energy functional, whereas variations of the mean free path affect the gradient of the order parameter in the GL functional ͑for further discussion, see Ref. 14, p. 1141͒. Our fitting procedure demonstrates that the temperature dependence of B k (T) determines unequivocally which one of these two pinning mechanisms dominates, as these two pinning mechanisms give rise to qualitatively different behavior of B k (T): For ␦T c pinning ␥ϰ1/ 4 and
i.e., B k decreases monotonically with T, whereas for ␦l pinning ␥ϰ1/() 4 , and
i.e., B k increases with T. The solid line in the inset to Fig. 2 shows a one-parameter fit of Eq. ͑1͒ to the B k data for Nd Fig. 2 , yielding B k (0)ϭ11 kG. Above 66 K, B k (T) exhibits a dramatic increase, which may be attributed to a strong decrease of the pinning energy E pin , suggesting that for our YBa 2 Cu 3 O 7Ϫ␦ the depinning temperature T dp ϭ66 K. ͑At T dp , the amplitude of the vortex line thermal fluctuations becomes comparable to and, as a result, the effective disorder is dramatically weakened.͒ This value of T dp will be further justified below. To fit the data above T dp we note that at 66 K, at the solid-solid transition field, E el ϭE pin Ϸ80 K, both comparable to kT, and thus one must take into account the contribution of the thermal energy. This may be accomplished by introducing the strong thermal smearing of the pinning disorder through an exponential increase of the Larkin length, L c ϭ(T dp /T)L c 0 exp͕c͓(T/T dp ) 3 Ϫ1͔͖ for TϾT dp , where c is a number of order 1. 7, 14 Introducing this expression of L c in E pin ϭU dp (L 0 /L c ) 1/5 , and equating E pin to E el , yields the solid line in Fig. 2 between 66 and 75 K, using the same parameters as above, i.e., T dp ϭ66 K and B k (0)ϭ11 kG. This approach is valid only in the vicinity of T dp . Our calculations show that above 75 K, L c ϾL 0 and the pinning energy is now given by E pin Хͱ␥ 2 L 0 , 6 i.e., no longer dependent on L c . Therefore, the fast decrease of E pin with temperature is moderated, and the increase of the superconducting parameters with temperature causes B k to decrease.
For Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑inset to Fig. 2͒ , B k is found only at relatively low temperatures, over a small range of T/T c , and therefore it shows no temperature dependence. In this particular case, the data may be fitted with either Eq. ͑1͒ or Eq. ͑2͒ with one parameter, B k (0)ϭ360 G. We note that in some samples, e.g., doped and electron irradiated Bi 2 Sr 2 CaCu 2 O 8ϩ␦ , 16 B k increases with temperature, suggesting a ␦l-pinning mechanism in these samples.
As it is clear from Figs. 1 and 2, the local magnetization vs temperature exhibits an abrupt increase only in a limited field range, corresponding to the increasing branch of B k (T). Crossing this branch by raising temperature at a constant field corresponds to a phase transition from a disordered vortex state with a relatively high persistent current to a quasiordered state with low current. This phase transition is accompanied by a burst of flux lines penetrating the sample, manifested by an abrupt increase in the magnetization. This feature is absent in further raising the temperature to cross the B k (T) line along its decreasing branch. This is because the system transforms from a quasiordered to an highly disordered state, i.e., flux should be expelled from the sample, a process that is impeded by the presence of an external field. The transition in this case is manifested by a slight decrease in dm/dT indicated by small solid circles in the descending part of B k (T); see Fig. 2 . For fields larger than 25 kG and smaller than 11 kG, raising temperature does not lead to crossing of the B k (T) line and thus no sign of a phase transition is observed in m(T) measurements. Similar arguments explain our observation of a change in dm/dT in Nd 1.85 Ce 0.15 CuO 4Ϫ␦ on crossing its B k line, 17 and the absence of such anomalies in the m(T) curves of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ .
As we have mentioned, the three fields indicated in Fig. 3 , B on , B k , and B p , characterize the anomalous second peak in the untwinned YBa 2 Cu 3 O 7Ϫ␦ . We identified B k as a transition field between two vortex solid phases, 10 and B p as related to a dynamic crossover from elastic ͑collective͒ to plastic flux creep. The onset field B on may be interpreted as signifying a dynamic crossover between two different collective creep regimes. For example, a crossover from a single vortex regime below B on ͑where the pinning energy U does not depend on field͒ to a small bundle regime above B on ͑where U increases sharply with field͒ can lead to a sharp increase in the magnetization. 14, 18 Similarly, a crossover from small to large bundles, 14 which may occur at high temperatures, would give rise to an increase in the magnetization in the quasiordered state. Thus, we conclude that different mechanisms govern the shape of the second peak: At low fields, around B on , m(H) is determined by a crossover within collective states; a solid-solid phase transition shapes the m(H) curve at B k ; at high fields, around B p , m(H) is determined by a crossover from collective to plastic creep. The splitting of the second magnetization peak at high temperatures may be related to the complex dynamic behavior observed in our sample and requires more investigations.
In summary, local magnetic measurements in an untwinned YBa 2 Cu 3 O 7Ϫ␦ crystal as a function of temperature, field, and time, exhibit anomalies along the same line B k (T), identified as a transition between two vortex solid phases, similar to that reported for Bi 2 Sr 2 CaCu 2 O 8ϩ␦ and Nd 1.85 Ce 0.15 CuO 4Ϫ␦ . The temperature dependence of the phase-transition lines in these three systems, though markedly different, can be quantitatively explained on the basis of the same model describing a disorder-induced phase transition, from a quasiordered to an highly disordered vortex solid phase.
The vortex phase diagram obtained in this work for untwinned YBa 2 Cu 3 O 7Ϫ␦ supports the validity of the phase diagram recently published by Nishizaki, Naito, and Kobayashi. 2 The novel results of the present work can be summarized as follows: ͑a͒ The observation of a pronounced feature-a sharp kink in the magnetization curves-that signifies the disorder-driven phase transition. ͑b͒ Field, temperature, and time-dependent measurements reveal anomalies occurring along the same line B k (T). ͑c͒ The B k (T) data can be quantitatively fitted to a model describing a disorder-induced transition from a quasiordered to a highly disordered vortex solid phase. . ͑e͒ The qualitative behavior of B k (T) determines unequivocally the microscopic origin of the pinning mechanism, distinguishing between pinning arising from spatial fluctuations of T c or of the charge-carriers mean free path.
